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Abstract: Color centers in selected micro- and nanodiamond samples were investigated by cathodolumines-
cence ~CL! microscopy and spectroscopy at 298 K @room temperature ~RT!# and 77 K @liquid-nitrogen temper-
ature ~LNT!# to assess the value of the technique for astrophysics. Nanodiamonds from meteorites were
compared with synthetic diamonds made with different processes involving distinct synthesis mechanisms
~chemical vapor deposition, static high pressure high temperature, detonation!. A CL emission peak centered at
around 540 nm at 77 K was observed in almost all of the selected diamond samples and is assigned to the
dislocation defect with nitrogen atoms. Additional peaks were identified at 387 and 452 nm, which are related to
the vacancy defect. In general, peak intensity at LNT at the samples was increased in comparison to RT. The
results indicate a clear temperature—dependence of the spectroscopic properties of diamond. This suggests the
method is a useful tool in laboratory astrophysics.

Key words: cathodoluminescence, scanning electron microscopy, nanodiamond, astrophysics

INTRODUCTION

Diamonds play an important role not only in the material
sciences but also in Earth and Planetary Science. For exam-
ple, nanodiamonds may be one of the most important types
of stardust in primitive meteorites, with their origin linked
to supernova explosions, as indicated by the isotopic com-
positions of trace elements that they carry ~Ott, 2003, 2009
and references therein!. Such nanodiamonds are also among
the samples studied in the work reported here.

Color centers in diamond have been studied over the
past years ~e.g., Davies & Hamer, 1976; Zaitsev, 2001!.
According to Tizei and Kociak ~2012!, these centers are
punctual defects, created by the presence of substitutional
or interstitial atoms or vacancies in different configurations.
Cathodoluminescence ~CL! has emerged as an alternative to
other methods to study individual emission centers with a
better spatial resolution. To date, there are limited CL inves-
tigations of natural micro- and nanodiamonds ~Grund &
Bischoff, 1999; Heiderhoff et al., 2001; Kumar et al., 2001;
Zaitsev, 2001; Pratesi et al., 2003; Orlanducci et al., 2008;
Karczemska, 2010; Kopylova et al., 2010; Shiryaev et al.,

2011!. The technique has been applied more frequently to
synthetic diamond, for example, chemical vapor deposition
~Kawarada et al., 1988; Robins et al., 1989; Yacobi et al.,
1991; Katsumata, 1992; Won et al., 1996; Kanda et al., 2003!,
high pressure high temperature ~HPHT; Katsumata, 1992;
Kanda & Watanabe, 2004; Stevens-Kalceff et al., 2008!, and
ultradisperse detonation diamonds ~Gucsik et al., 2009!.

Groups of diamonds should be divided into four types,
which are based on the local configuration of impurities
within the carbon lattice, as follows ~Walker, 1979; Zaitsev,
2001!. The most common diamond type is Type I in which
the nitrogen concentration is around 0.1%. According to
their optical absorption and luminescence properties, the
Type I class is further classified into the Type Ia and Type Ib
diamonds. Almost all natural diamonds belong to Type Ia,
where the nitrogen impurities are clustered within the
crystal lattice of carbon atoms. Such diamonds absorb blue
light that provides a significant narrow band centered at
around 415 nm, which is assigned to the N3 centers ~where
the diamonds contain clusters of three nitrogen atoms!.
Additionally, a relatively weak line at 478 nm is related to
the N2 nitrogen center ~blue fluorescence!. The green band
at 504 nm ~H3 center! is often accompanied by a weaker
shoulder or broad band centered at 537 and 495 nm ~H4
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center containing four substitutional nitrogen atoms and
two lattice vacancies!, which occurs in brown, green, or
yellow diamonds, respectively ~Walker, 1979; Zaitsev, 2001!.
Almost all synthetic diamonds belong to the Type Ib class,
which contain hydrogen and nitrogen defects as well as im-
purities. However, the origin of their color is still uncertain
~Iakoubovskii & Adriaenssens, 2002!. Compared to Type Ia
diamonds, the Type Ib class occurs in synthetic diamonds
and shows more intense green, yellow, and brown colors ~De
Sa & Davies, 1977; Walker, 1979; Zaitsev, 2001!. They con-
tain a relatively small amount of nitrogen ~0.1%! atoms that
occupy isolated sites within the crystal structure.

In a comparison with the Type I diamonds, Type II dia-
monds ~formed under high pressure! do not contain nitro-
gen impurities and do not show absorption lines in the visible
light range of the electromagnetic spectrum. Type IIa color-
less nature might be attributed to the imperfections, which
were formed under the HPHT conditions. Type IIb ~extremely
rare in nature! shows boron impurities that lead to the typi-
cal green, blue, and red colors ~Walker, 1979; Zaitsev, 2001!.

As noted above, diamonds may also have a role in
interstellar space. In the last decades, a number of authors
have proposed different models for the dust particles that
might constitute the basis of circumstellar dusty matter.
Some models are based on laboratory studies, while others
are purely theoretical and invoke data of astrophysical ob-
servations ~Mathis et al., 1977; Li & Greenberg, 1997; Wein-
gartner & Draine, 2001; Smith & Witt, 2002!. An important
feature is the extended red emission of reflection nebulae.
After it was interpreted as photoluminescence ~PL! of dust,
a lively discussion developed regarding the physical proper-
ties and chemical composition of the dust particles respon-
sible for this phenomenon.

The extended red emission in the spectra of reflection,
protoplanetary, and planetary nebulae is a structureless
band over the range 5,400–9,400 Å. A source for this emis-
sion has been proposed by Duley ~1985!. In his model, each
individual dust particle contains carbon grains, which are
enriched in hydrogen. Under ultraviolet irradiation, such a
dust particle is capable of luminescing within the above-
mentioned spectral range. It is worthy of note, however,
that in conducting laboratory experiments and creating
theoretical models and concepts, it is necessary to bring the
modeled conditions closer to the natural ones given the
extensive abundance of a whole series of compounds in
the universe. Often the experiments have been done at
298 K, while the actual temperature of the dust in nebulae is
entirely different most of the time. This is especially impor-
tant when the quantum yield of luminescence is elevated at
low temperatures. The present study involves scanning elec-
tron microscope-cathodoluminescence ~SEM-CL! spectros-
copy to address the question of whether the SEM-CL
technique is capable of documenting temperature-related
effects by performing analyses at temperatures of 298 K
@room temperature ~RT!# and 77 K @liquid-nitrogen temper-
ature ~LNT!# . We also aimed at determining whether inves-
tigation of the CL characteristics of diamond has a useful

astromineralogical application. To contribute to this sub-
ject, SEM-CL of selected samples from natural and syn-
thetic diamonds has been done.

EXPERIMENTAL PROCEDURE

Cathodoluminescence was measured for carbon-coated thin
sections polished by silicon colloids, which were mounted
in and fixed by two-component nonradiative epoxy. CL
spectroscopy was performed by an SEM-CL system, which
was comprised of an SEM ~JSM-5410LV, JEOL Ltd., Tokyo,
Japan! combined with a grating monochromator ~Mono
CL2, Oxford Instruments, Abingdon, Oxfordshire, UK!. The
SEM was operated at 2 nA, the spectrometer was stepped in
1 nm steps, and the flood gun used a 60 s exposure. The CL
emitted from the samples was collected using a retractable
parabolic mirror coated with aluminum ~collection effi-
ciency: 75%!. The CL was dispersed by a grating monochro-
mator, which has the following characteristics: 1,200 grooves/
mm, a focal length of 0.3 m, limit of resolution of 0.5 nm,
and slit width of 4 mm at the inlet and outlet. Dispersed CL
was recorded by a photon counting method using a photo-
multiplier tube ~R2228, Hamamatsu, Hamamatsu City, Ja-
pan! and converted to digital data.

All CL spectra were corrected for total instrumental
response determined using a calibrated standard lamp
~Quartz Halogen Lamp, Eppley Laboratory, Newport, RI,
USA!. This correction prevents errors in the peak position

Figure 1. CL spectra of natural diamond at ~a! 298 K ~RT! and
~b! 77 K ~LNT! temperature showing a significant CL band cen-
tered at 541 nm.
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of emission bands and allows quantitative evaluation of CL
intensity. The spectral response varies smoothly between
300 and 800 nm with a maximum at 550 nm and shows
steps at approximately 450 and 730 nm. The intensity units
on the figure are arbitrary.

RESULTS

Cathodoluminescence Spectral Properties of Micro-
and Nanodiamond Samples
Cathodoluminescence spectra of the natural diamond sam-
ple ~HPHT diamond sample from an igneous rock! show a
significant broad band centered at around 541 nm at both
298 K ~RT! and 77 K ~LNT! temperatures ~Figs. 1a, 1b!. Com-
pared to the CL spectrum obtained at RT, an additional
weak shoulder peak appears at 488 nm at LNT ~Fig. 1b!. The
cause of the large y-axis offset in the spectrum may be re-
lated to the dark noise of the detector. The grain sizes of
these diamond samples are typically a few hundred microme-
ters in size. The RT-CL spectrum of the synthetic diamond is
dominated by a broad band centered at 540 nm ~Fig. 2a!,
whereas the LNT-CL spectrum shows a broad band at 590 nm
~Fig. 2b!. Both CL spectra also have bands at around 445 nm
~448 nm at RT and 444 nm at LNT! and 729 nm, which are
more prominent in the LNT spectrum ~Fig. 2b!. The source
of the above-mentioned peak shift between 448 and 444 nm

is not well known. In addition to the 444 and 590 nm peaks,
the 540 nm peak might still be there in Figure 2b. In this
case, a deconvolution of this peak as a part of further investi-
gations should provide more insight.

The chemical vapor deposition ~CVD! diamond sam-
ple at RT is dominated by a noisy broad band ranging from
370 to 400 nm; otherwise almost no CL spectral features are
obtained at RT ~Fig. 3a!. A broad band centered at 509 nm
with a shoulder peak at 489 nm is dominant in the spec-
trum at LNT ~Fig. 3b!. The maximum grain size of these
diamond samples is around 250 nm. Figure 3a also shows a
step at 450 nm. The origin of noise at each end of the
spectrum in Figure 3 as well as the relatively lower back-
ground of Figure 3a is still poorly understood.

The ultradisperse detonation ~UDD! nanodiamonds
were manufactured by detonation synthesis from explosives
containing graphite ~Greiner et al., 1988 and references
therein!. The individual grain sizes of the UDD samples
vary between 3 and 9 nm. CL spectra at RT are dominated
by two broad bands at 388 and 422 nm ~Fig. 4a!, whereas
spectra obtained at LNT exhibit a significant broad peak
centered at 550 nm containing three shoulder peaks at 448,
476, and 590 nm ~Fig. 4b!.

Boroskino ~CM2! is a carbonaceous ~C! chondrite of
the Mighei-type ~M!, which contains a relatively large frac-
tion of fine-grained matrix and abundant hydrated mineral
phases ~Grady, 2000!. The samples were extracted using two-
step ultracentrifugation of colloidal diamonds, which were
prepared for heavy noble gas measurements to avoid contam-

Figure 2. ~a! CL spectrum of the synthetic HPHT diamond sam-
ple obtained at RT exhibits a broad band at 540 nm with two
shoulder peaks 448 and 729 nm. ~b! There is a peak shift as well as
peak broadening of a band at 590 nm and peaks at 444 and
729 nm show increasing peak intensity in the LNT-CL spectrum.

Figure 3. The CVD diamond sample contains almost no CL peaks
in RT ~a! whereas a broad band centered at 509 nm is dominant in
the LNT-CL spectrum ~b!.
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ination by other mineral phases. Details of the preparation
method of the Boroskino meteorite diamonds can be found
in Verchovsky et al. ~1999! and Fisenko et al. ~2002!.

In contrast to the CVD samples, the CL spectrum of
the nanodiamonds from Boroskino shows a broad band
centered at 540 nm at RT ~Fig. 5a!, but it is noisy and almost
peakless at LNT ~Fig. 5b!.

DISCUSSION

Cathodoluminescence Peak Assignment
of Diamond
According to Kanda and Jia ~2001!, the band at around
390 nm has been observed in CVD and HPHT diamonds,
respectively. This may be associated with a radiation dam-
age defect center suggesting that this imperfection occurred
during defective crystal growth.

The 451 nm center might be assigned to rhombic
symmetry or A-E transition at a tetragonal center ~Moham-
med et al., 1982; Jorge et al., 1983!, which has been de-
scribed from natural brown diamonds ~Zaitsev, 2001!. This
peak was also described in diamond samples from meteor-
ites by Karczemska ~2010!.

The emission peak at 487 nm is related to the intrinsic
defect center ~divacancy, TH5!, which has been observed in
Type Ia and IIa diamonds following an electron irradiation
~Zaitsev, 2001 and references therein!.

The assignment of emission bands at around 540 nm is
not always straightforward, but they correspond to disloca-

Figure 5. Nanodiamond from the Boriskino meteor shows a ~a!
significant broad peak at 540 nm in the RT-CL spectrum, but ~b!
its LNT-CL does not contain any peaks.

Figure 4. ~a! The RT-CL spectral features of the UDD samples are related to centers at 388 and 452 nm and ~b! the
LNT-CL spectrum is dominated with only one peak at around 550 nm with three shoulder peaks at 448, 476, and
590 nm.

4 Arnold Gucsik et al.



tion defects associated with nitrogen atoms. The CL spectra
suggest a low concentration of nitrogen in the diamonds
and give indications for distinguishing these emission bands.
A nitrogen content of even less than 20 ppm ~Type II
diamonds! can be sufficient to provide luminescence of
diamonds ~Zaitsev, 2001!.

A broad band at 550 nm and a shoulder peak at
590 nm in the UDD samples are related to the dislocations
~Zaitsev, 2001 and references therein!.

Lindblom et al. ~2005! studied the luminescence prop-
erties of the HPHT, boron-doped, and synthetic diamonds
grown with a nitrogen getter, as well as of natural dia-
monds. They found a CL peak at 729 nm, which is related
to the nickel-related center. We also note that the peak at
729 nm could be assigned to an artifact in the instrument
response correction. However, this is a matter of further
investigations.

An Astromineralogical Context
It is generally accepted that the Sun formed due to the gravi-
tational collapse of the original solar nebula. In the accretion
disk around the proto-sun, both terrestrial and giant planets
were formed. Nano- and micro-sized dust particles ~includ-
ing diamonds! in meteoroids may in principle have two pos-
sible sources: ~1! geological evolution of the terrestrial ~rocky
bodies! derived from solar nebula matter and ~2! penetra-
tion of presolar ~interstellar! particles into the solar nebula
during the gravitational collapse. Obviously solar and inter-
stellar nanodiamonds should differ in their physico-chemical
parameters. Possible differences are ~a! isotopic composi-
tion, ~b! abundance of impurities, and ~c! crystal lattice/
structure. The following two paragraphs are aimed to provide
new insights to possible formation mechanisms of diamond
particles in planetary nebula and meteorites.

Diamonds in Planetary Nebula

According to Simonia and Mikailov ~2006!, circumstellar
dust of nebulae undergoing the permanent influence of
electromagnetic and corpuscular radiation from the central
star can carry information on the origin and evolution of
the system. Based on a comparative analysis, it has been
shown that several emissions in the optical spectrum of
NGC 7027 ~Simonia & Mikailov, 2006 and references therein!
and other nebula ~i.e., NGC 7023! correspond to CL and PL
of fine-dispersive circumstellar diamond dust. The optical
lines at 503, 577, and 578 nm are present in the spectral
properties of both planetary nebulae. These lines are in a
good agreement with our CL spectral properties of UDD
samples. Based on this consistency, diamond particles in
nebulae NGC 7023 and NGC 7027 may have originated due
to ejection of the outer parts of the Red Giant parent star
during planetary nebula formation.

Duley ~1988! described the first possible presence of
nanodiamonds in the protoplanetary nebula environment.
Taking into account that PL and CL of solid substances are
physically similar phenomena, our laboratory results might
be applied to interpretation of an extended red emission

~ERE! source. Particularly, we conclude that spectral posi-
tion and profile of nanodiamond CL ~data obtained in our
lab experiments! has a correlation with ERE spectral prop-
erties. It means that a relatively cool nanodiamond is also a
candidate to an ERE source.

Nanodiamonds from Meteorites

There are two scenarios existing for the formation process
of nanodiamonds from meteorites ~e.g., Daulton et al., 1996
and references therein!, as follows: ~1! CVD and ~2! shock
origin. Transmission electron microscopy investigations, in
particular, seem to suggest that formation by a CVD process
is most likely ~Daulton et al., 1996!. The latter one is also
supported by our study, according to the CL data of dia-
mond particles from the Boroskino meteorite.

CONCLUSIONS

SEM-CL properties of micro- and nanodiamond samples
prepared by CVD as well as explosively ~ultradispersive
detonation diamonds! were studied at both liquid nitrogen
and room temperatures. Also studied were natural speci-
mens including HPHT diamonds and meteoritic diamonds,
with emphasis on the application of the method to labora-
tory astrophysics. The preliminary results of this work
suggest that the SEM-CL is a useful tool in laboratory
astrophysics. Further systematic investigations must be done
to identify the defect centers in the selected diamond
samples using the electron spin resonance technique ~Casa-
bianca et al., 2011; Shames et al., 2012! combined with
infrared spectroscopy ~Baranov et al., 2009, 2011!.

ACKNOWLEDGMENTS

We thank Tadahiro Nakazato for assistance with CL mea-
surements. A.G. was supported by the Japan Society for
Promotion of Science ~JSPS! Long-term Visiting Professor-
ship and the Max Planck Society. Authors express their
thanks to Cornelia Jäger ~University of Jena, Germany! and
Alexander Verchovsky ~The Open University, UK! for pro-
viding their diamond samples for this study as well as
Professor Adolf Witt ~University of Toledo, OH, USA! for
his useful comments on this manuscript.

REFERENCES
Baranov, P.G., Il’in, I.V., Soltamova, A.A., Vul’, A.Y., Kidalov,

S.V., Shakhov, F.M., Mamin, G.V., Orlinski, S.B. & Sola-
khov, M.Kh. ~2009!. Electron spin resonance detection and
identification of nitrogen center sin nanodiamonds. JETP Lett
89, 409–413.

Baranov, P.G., Soltamova, A.A., Tolmachev, D.O., Romanov,
N.G., Babants, R.A., Shakhov, F.M., Kidalov, S.V., Vul’, A.Y.,
Mamin, G.V., Orlinski, S.B. & Silkin, N.I. ~2011!. Enor-
mously high concentrations of fluorescent nitrogen-vacancy
centers fabricated by sintering of detonation nanodiamonds.
Small 7, 1533–1537.

Casabianca, L.B., Shames, A.I., Panich, A.M., Shenderova, O.
& Frydman, L. ~2011!. Factors affecting DNP NMR in polycrys-
talline diamond samples. J Phys Chem C 115, 19041–19048.

CL Microscopy and Spectroscopy of Micro- and Nanodiamonds 5



Daulton, T.L., Eisenhour, D.D., Bernatowicz, T.J., Lewis, R.S.
& Buseck, P.R. ~1996!. Genesis of presolar diamonds: Compar-
ative high-resolution transmission electron microscopy study
of meteoritic and terrestrial nano-diamonds. Geochim Cosmo-
chim Acta 60, 4853–4872.

Davies, G. & Hamer, M.F. ~1976!. Optical studies of the 1.945 eV
vibronic band in diamond. Proc R Soc Lond A 348, 285–298.

De Sa, E.S. & Davies, G. ~1977!. Uniaxial stress studies of the
2.498 eV ~H4!, 2.417 eV and 2.536 eV vibronic bands in
diamond. Proc R Soc Lond A 357, 231–251.

Duley, W.W. ~1985!. Evidence for hydrogenated amorphous car-
bon in the red rectangle. Mon Not Roy Astron Soc 215, 259–263.

Duley, W.W. ~1988!. Sharp emission lines from diamond dust in
the red rectangle? Astrophys Space Sci 150, 387–390.

Fisenko, A.V., Verchovsky, A.B., Semjonova, L.F., Ott, U.,
Wright, I.P. & Pillinger, C.T. ~2002!. A new isotopically
normal heavy noble gas component in presolar diamonds from
Boriskino revealed by grain size separation. XXXIIIrd Lunar
Planet Sci Conf, Abstract #1647.

Grady, M.M. ~2000!. Catalogue of Meteorites, 5th ed. Cambridge,
New York, Melbourne: Cambridge University Press.

Greiner, N.R., Phillips, D.S., Johnson, J.D. & Volk, F. ~1988!.
Diamonds in detonation soot. Nature 333, 440–442.

Grund, T. & Bischoff, A. ~1999!. Cathodoluminescence proper-
ties of diamonds in ureilites: Further evidence for a shock-
induced origin. Meteorit Planet Sci 34~Suppl.!, A48.

Gucsik, A., Nishido, H., Nakazato, T. & Ninagawa, K. ~2009!.
Cathodoluminescence characterization of nanodiamonds: An
application to the meteoritic nanodiamonds. Conference on
Micro-Raman Spectroscopy and Luminescence Studies in the
Earth and Planetary Sciences, Mainz, Germany, LPI Contribu-
tion No. 1473, p. 44.

Heiderhoff, R., Cramer, R.M., Sergeev, O.V. & Balk, L.J. ~2001!.
Near-field cathodoluminescence of nanoscopic diamond prop-
erties. Diamond Relat Mater 10, 1647–1651.

Iakoubovskii, K. & Adriaenssens, G.J. ~2002!. Optical character-
ization of natural Argyle diamonds. Diam Relat Mater 11,
125–131.

Jorge, M.I.B., Pereira, M.E., Thomaz, M.F., Davies, G. & Col-
lins, A.T. ~1983!. Decay times of luminescence from brown
diamonds. Portugal Phys 14, 195–210.

Kanda, H. & Jia, X. ~2001!. Change of luminescence character of
Ib diamonds with HPHT treatment. Diamond Relat Mater 10,
1665–1669.

Kanda, H. & Watanabe, K. ~2004!. Change of cathodolumines-
cence spectra of natural diamond with HPHT treatment. Dia-
mond Relat Mater 13, 904–908.

Kanda, H., Watanabe, K., Koizumi, S. & Teraji, T. ~2003!.
Characterization of phosphorous doped CVD diamond films
by cathodoluminescence spectroscopy and topography. Dia-
mond Relat Mater 12, 20–25.

Karczemska, A.T. ~2010!. Diamonds in meteorites—Raman map-
ping and cathodoluminescence studies. J Achievements Mat
Manuf Eng 43, 94–107.

Katsumata, S. ~1992!. Cathodoluminescence from epitaxial dia-
mond layer grown by plasma-assisted chemical vapor deposi-
tion on high-pressure synthetic diamond. Jpn J Appl Phys 31,
3594–3597.

Kawarada, H., Nishimura, K., Ito, T., Suzuki, J.-I., Mar, K.-S.,
Yokota, Y. & Hiraki, A. ~1988!. Blue and green cathodolumi-
nescence of synthesized diamond films formed by plasma-
assisted chemical vapour deposition. Jpn J Appl Eng 27, 683–686.

Kopylova, M., Navon, O., Dubrovinsky, L. & Khachatryan, G.
~2010!. Carbonatitic mineralogy of natural diamond-forming
fluids. Earth Planet Sci Lett 291, 126–137.

Kumar, S., Rauthan, C.M.S., Srivatsa, K.M.K., Dixit, P.N. &
Bhattacharyya, R. ~2001!. Realization of different carbon
nanostructures by a microwave plasma enhanced chemical
vapor deposition technique. Appl Surf Sci 182, 326–332.

Li, A. & Greenberg, J.M. ~1997!. A unified model of interstellar
dust. Astron Astrophys 323, 566–584.

Lindblom, J., Hölsä, J., Papunen, H. & Häkkänen, H. ~2005!.
Luminescence study of defects in synthetic as-grown and HPHT
diamonds compared to natural diamonds. Am Mineral 90,
428–440.

Mathis, J.S., Rumpl, W. & Nordsieck, K.H. ~1977!. The size
distribution of interstellar grains. Astrophys J 217, 425–433.

Mohammed, K., Davies, G. & Collins, A.T. ~1982!. Uniaxial
stress splitting of photoluminescence transitions at optical cen-
tres in cubic crystals: Theory and application to diamond.
J Phys C 15, 2779.

Orlanducci, S., Tamburri, E., Terranova, M.L. & Rossi, M.
~2008!. Nanodiamond-coated carbon nanotubes: Early stage of
the CVD growth process. Chem Vap Depos 14, 241–246.

Ott, U. ~2003!. The most primitive material in meteorites. Astrom-
ineralogy. Lect Notes Phys 609, 236–265.

Ott, U. ~2009!. Nanodiamonds in meteorites: Properties and
astrophysical context. J Achiev Mat Manuf Eng 37, 779–784.

Pratesi, G., Lo Giudice, A., Vishnevsky, S., Manfredotti, C. &
Cipriani, C. ~2003!. Cathodoluminescence investigations on
the Popigai, Ries, and Lappajärvi diamonds. Am Mineral 88,
1778–1787.

Robins, L.H., Cook, L.P., Farabaugh, E.N. & Feldman, A. ~1989!.
Cathodoluminescence of defects in diamond films and parti-
cles grown by hot-filament chemical-vapor deposition. Phys
Rev B 39, 13367–13377.

Shames, A.I., Osipov, V.Y., Von Bardeleben, H.J. & Vul’, A.Y.
~2012!. Spin S�1 centers: A universal type of paramagnetic
defects in nanodiamonds of dynamic synthesis. J Phys-Condens
Mat 24, 225302.

Shiryaev, A.A., Fisenko, A.V., Vlasov, I.I., Semjonova, L.F.,
Nagel, P. & Schuppler, S. ~2011!. Spectroscopic study of
impurities and associated defects in nanodiamonds from Efre-
movka ~CV3! and Orgueil ~CI! meteorites. Geochim Cosmo-
chim Acta 75, 3155–3165.

Simonia, I.A. & Mikailov, Kh.M. ~2006!. Photoluminescence and
cathodoluminescence by cosmic dust. Astr Rep 50, 960–964.

Smith, T.L. & Witt, A.N. ~2002!. The photophysics of the carrier
of extended red emission. Astrophys J 565, 304–318.

Stevens-Kalceff, M.A., Prawer, S., Kalceff, W., Orwa, J.O.,
Peng, J.L., McCallum, J.C. & Jamieson, D.N. ~2008!. Cathod-
oluminescence microanalysis of diamond nanocrystals in fused
silicon oxide. J Appl Phys 104, 113514-1–9.

Tizei, L.H.G. & Kociak, M. ~2012!. Spectrally and spatially re-
solved cathodoluminescence of nanodiamonds: Local varia-
tions of the NV0 emission properties. Nanotechnology 23,
175702.

Verchovsky, A.B., Fisenko, A.V., Semjonova, L.F., Wright, I.P. &
Pillinger, C.T. ~1999!. Presolar diamonds from Efremovka &
Boriskino: C, N and noble gas isotopes in grain size fractions
and implications for the origin of diamonds. XXXth Lunar
Planet Sci Conf, Abstract #1746.

Walker, J. ~1979!. Optical absorption and luminescence in dia-
mond. Rep Prog Phys 42, 1605–1659.

6 Arnold Gucsik et al.



Weingartner, J.C. & Draine, B.T. ~2001!. Dust grain-size distri-
butions and extinction in the Milky Way, Large Magellanic
Cloud, and Small Magellanic Cloud. Astrophys J 548, 296–309.

Won, J.H., Hatta, A., Yagyu, H., Ito, T., Sasaki, T. & Hiraki, A.
~1996!. Dependence of cathodoluminescence on irradiation
time in diamond. Phys Stat Sol A 154, 321–326.

Yacobi, B.G., Badzian, A.R. & Badzian, T. ~1991!. Cathodolumi-
nescence study of diamond films grown by microwave plasma
assisted chemical vapor deposition. J Appl Phys 69, 1643–1647.

Zaitsev, A.M. ~2001!. Optical Properties of Diamond, p. 507.
Berlin: Springer.

CL Microscopy and Spectroscopy of Micro- and Nanodiamonds 7


